Variants of herpes simplex virus type 2 (HSV-2) generated by virus passage in GMK-AH1 cells in the presence of the sulfated oligosaccharide PI-88 were analyzed. Many of these variants were substantially resistant to PI-88 in their initial infection of cells and/or their cell-to-cell spread. The major alteration detected in all variants resistant to PI-88 in the initial infection of cells was a frameshift mutation(s) in the glycoprotein G (gG) gene that resulted in the lack of protein expression. Molecular transfer of the altered gG gene into the wild-type background confirmed that the gG-deficient recombinants were resistant to PI-88. In addition to PI-88, all gG-deficient variants of HSV-2 were resistant to the sulfated polysaccharide heparin. The gGdeficient virions were capable of attaching to cells, and this activity was relatively resistant to PI-88. In addition to having a drug-resistant phenotype, the gG-deficient variants were inefficiently released from infected cells. Purified gG bound to heparin and showed the cell-binding activity which was inhibited by PI-88. Many PI-88 variants produced syncytia in cultured cells and contained alterations in gB, including the syncytium-inducing L792P amino acid substitution. Although this phenotype can enhance the lateral spread of HSV in cells, it conferred no virus resistance to PI-88. Some PI-88 variants also contained occasional alterations in gC, gD, gE, gK, and UL24. In conclusion, we found that glycoprotein gG, a mucin-like component of the HSV-2 envelope, was targeted by sulfated oligo-and polysaccharides. This is a novel finding that suggests the involvement of HSV-2 gG in interactions with sulfated polysaccharides, including cell surface glycosaminoglycans.
It is well-established that cell surface heparan sulfate (HS) chains provide the binding sites for the initial interactions with cells of many viruses, including herpes simplex virus type 1 (HSV-1) and HSV-2 (38) . The two types of HSV differ in their interactions with HS with respect to both the viral glycoproteins and the HS motifs involved. In particular, glycoprotein C (gC) of HSV-1 was identified as a component of the viral envelope that interacts with HS/heparin chains, thus mediating the attachment of the virus to cells (15) . Although gC of HSV-2 can bind to HS/heparin chains and was found to be responsible for several HSV type-specific differences, such as polycation (28) and the hypertonic medium (36) resistance of HSV-2 infection of cells, this protein did not mediate HSV-2 attachment to cells (11) . Instead, gB, another HS-binding component of the HSV envelope, was identified as the major virus attachment protein (5) . In addition to gB and gC, gD of HSV-1, but not its HSV-2 homolog, can bind to HS chains modified by several isoforms of 3-O-sulfotransferase (31) , an interaction that triggers HSV-1 entry into cells. Thus, interaction of HSV with HS seems to be a complex process that involves several kinds of viral proteins promoting virus attachment to and entry into cells.
Compounds such as sulfated oligo-and polysaccharides that mimic HS chains have long been known as inhibitors of HSV infectivity (37) . Sulfated polysaccharides were shown to inhibit HSV attachment to cells (37, 38) , suggesting that these compounds act via competition with HS chains for binding to the virus attachment proteins. It is not known whether sulfated polysaccharides can interfere with some postattachment steps, such as the initiation of virus entry by gD or virus-cell fusion, in the HSV invasion of cells. Although HSV-1 gD can trigger virus entry by interaction with 3-O-sulfated HS (31) , it can also use two alternative receptors, herpesvirus entry mediator (25) and nectin (10) , to perform this task.
We recently observed that the sulfated oligosaccharide PI-88 exhibits potent anti-HSV activity, including efficient reduction of the cell-to-cell transmission of the virus (27) . PI-88 is a mixture of extensively sulfated mannose-containing di-to hexasaccharides that is currently undergoing clinical trial as an anticancer drug. PI-88 also shows anti-dengue and -encephalitic flavivirus (18) and anti-malarial (1) activities. One approach to further explore the interaction of HSV with HS chains has been the analysis of HSV-1 mutants resistant to sulfated oligo-and polysaccharides, such as heparin (12, 29) and carrageenan (4) . Furthermore, our recent analysis of HSV-1 variants resistant to the sulfated oligosaccharide PI-88 revealed that this compound specifically targets the mucin-like region at the amino-terminal portion of viral gC (7) . Because no similar studies were performed with HSV-2, in the present work we analyzed PI-88-resistant variants of this virus. Our studies revealed that PI-88 targeted HSV-2 gG, a mucin-like component of the virus envelope, which so far has not been of monoclonal antibodies B11D8 (anti-gB), E5F7 (anti-gC), and O1C5 (anti-gG) coupled to CNBr-Sepharose beads. To minimize the amount of detergent in the purified proteins, the immunosorbent beads with the attached viral glycoproteins were washed with detergent-free washing buffer just prior to their elution from the column. The eluted material was centrifuged to near dryness over a Microsep Omega concentrator with a 10-kDa cutoff (Pall Life Sciences, Lund, Sweden) to exchange the elution buffer with PBS (36) . For the cell-binding assay, confluent monolayers of 3-day-old GMK AH1 cells or 6-day-old HaCaT cells in 96-well cluster plates were washed with EMEM (GMK AH1 cells) or Dulbecco's modified EMEM (HaCaT cells) and then precooled for 30 min at room temperature and for 30 min at 4°C. The purified proteins (4 g) were incubated with specific concentrations of PI-88 for 15 min at room temperature prior to being added to the cells. Following incubation of the glycoprotein-PI88 mixture with the cells for 1 h at 4°C under moderate agitation, the medium was aspirated and the cells were washed once with 200 l of PBS. The cells were then fixed with 0.25% glutaraldehyde in PBS for 15 min and triple washed with PBS. The bound glycoproteins were detected by an enzyme-linked immunosorbent assay-based procedure with the use of monoclonal antibodies B11D8, C2H12 (anti-gC), and O1C5. For the heparin-binding assay, purified gG (20 g) in 0.5 ml of 0.065 M NaCl in phosphate buffer (see PBS buffer above) was applied to a disposable column containing 0.6 ml of Sephadex G10-heparin beads or Sephadex G10 beads alone. The column was washed with 10 ml of the same buffer and then stepwise eluted with increasing concentrations of NaCl in phosphate buffer.
Marker transfer assay. HSV-2 DNA was extracted (24) from strain 333 that had been subjected to three rounds of plaque purification. Specific fragments of altered viral DNA were amplified by PCR, using Pfu Turbo polymerase (Stratagene, La Jolla, CA) and the flanking primers 222 to 240 and 2140 to 2119 for gG and Ϫ77 to Ϫ57, 1624 to 1605, or 1470 to 1488 and 2871 to 2850 for gB. One-microgram quantities of purified viral DNA and PCR-amplified fragments of the altered gG or gB gene were mixed with Lipofectamine 2000 (Invitrogen, Carlsbad, CA) and incubated for 20 min at room temperature. Subsequently, the mixture was transfected into nearly confluent monolayers of 1-day-old cultures of GMK AH1 cells. After being incubated for 4 to 5 h at 37°C, the cells were washed and further incubated with fresh EMEM supplemented with 2% fetal calf serum and antibiotics until the development of CPE. For identification of the recombinant viruses altered in gB, several plaque variants of the virus exhibiting extensive, moderate/weak, or no syncytium-forming activity were selected for plaque purification and sequencing of the gB gene. For identification of the recombinant viruses possessing a frameshift mutation(s) in the gG gene, the viral plaques were immunostained with the monoclonal antibody O1C5 and those negative for gG expression were selected for plaque purification and nucleotide sequencing.
Primers used for amplification and sequencing. The preparation of HSV-2 DNA and nucleotide sequencing of the coding regions of the gB, gC, gD, gE, gG, gK, and UL24 genes were performed as previously described (20) . The primers used in the amplification and sequencing reactions were designed based on the complete genome sequence of strain HG52 of HSV-2 (GenBank accession number, NC 001798), and their positions were numbered relative to the first nucleotide of the initiation codon of the particular gene. 1780 , and of the antisense primers, 306 to 287, 600 to 582, 880 to 899, 1196 to 1177, 1620 to 1599, and 2140 to 2119. The positions of the sense primers for the HSV-2 gK gene were Ϫ105 to Ϫ86, 237 to 254, and 570 to 587, and of the antisense primers, 394 to 374, 704 to 686, and 1055 to 1038. The positions of the sense primers for the HSV-2 UL24 gene were Ϫ78 to Ϫ61, 261 to 280, and 568 to 588, and of the antisense primers, 321 to 304, 663 to 646, and 1006 to 988. To facilitate the sequencing of the DNA, the coding regions of the gB and gG genes were amplified as two and three overlapping fragments, respectively. All sequences were related to the original gene sequence of the HSV-2 333 strain from which the viral variants were selected.
RESULTS
To expand our knowledge of initial events in the infection of cells by HSV-2, we sought to analyze variants of the HSV-2 333 strain resistant to the sulfated oligosaccharide PI-88, an inhibitor of HSV attachment to cells (27) . To this end, the virus was subjected to 10 passages in GMK AH1 cells in the presence of PI-88. Because PI-88 can interfere with both the attachment of the virus to cells and the cell-to-cell spread of the virus (27) , three different procedures were employed for selection of resistant variants. (i) PI-88 was present throughout virus propagation in the cells, i.e., during the initial virus attachment to and entry into the cells and the spread of progeny virus via released and cell-to-cell-transmitted virions (AC variants). (ii) HSV-2 was exposed to PI-88 only during attachment of the virus to and entry into the cells (A variants). (iii) Infection of the cells with HSV-2 took place in the absence of PI-88, followed by the addition of the drug and its coincubation with the cells during the spread of the progeny virus (C variants). For purposes of comparison, HSV-2 333 was also passaged 10 times in GMK AH1 cells in the absence of PI-88 (333-10p). Analysis of uncloned mixtures of the viral plaques revealed that while ϳ2.7% of the plaques of strain 333 and ϳ11.3% of the plaques of strain 333-10p exhibited syncytial or partly syncytial morphology (Table 1) , Ͼ95% of the PI-88-selected variants AC, A, and C formed syncytial plaques. To verify the extent of the resistance of the PI-88 escape viruses, several variants from each group were plaque purified and then tested for sensitivity to PI-88 in plaque number and plaque size reduction assays ( Table 1 ). The former assay assesses the sensitivity of the virus to PI-88 during its initial infection of cells, while the latter evaluates the effect of PI-88 on the cell-to-cell spread of the virus, measured as a reduction in plaque size (see Materials and Methods). All AC variants, except AC10, and variant A9 were significantly more resistant than strain 333 or 333-10p to the presence of PI-88 during the initial infection of the cells (Table 1 ). The remaining variants from group A and all the variants of group C were sensitive to the presence of PI-88 during the initial infection of the cells (Table 1) . In contrast, the cell-to-cell-spread activity of all C and AC (except AC1 and AC4) variants, but not the A variants, was more resistant to PI-88 than the parent strain ( Table 1 ). Note that the HSV-2 variants resistant to PI-88 in their initial infection of the cells were not necessarily those resistant to this compound in the cell-to-cell-spread activity (Table 1 ). This finding suggests that different viral components can be targeted by PI-88 during the initial infection of cells and the cell-to-cell spread of HSV-2.
To identify a specific alteration(s) responsible for the PI-88-resistant phenotype, the viral variants as well as the parent 333 strain were subjected to sequencing of their genes that code for gB, gC, gD, gE, gG, gK, and UL24 (Table 2 ). All PI-88-selected variants contained single or multiple mutations in gB. Eight different amino acid substitutions, i.e., N21K, N243T, A335V, Y353H, A524T, E662G, L792P, and R822Q, were found. The two most frequent amino acid substitutions (E662G and L792P) occurred simultaneously in 11 out of 16 variants examined. These included variants resistant to PI-88 in either the initial infection of cells (AC1, AC4, A9) or the cell-to-cell spread activity (AC10, C1, C3, C6) or both (AC2, AC6). However, these two alterations also occurred in variants sensitive to PI-88 in their initial infection and cell-to-cell a Variants selected for by the presence of PI-88 were limited to either the initial infection of cells (A2 to A9), the spread of progeny virus (C1 to C6), or both (AC1 to AC10).
b Serial PI-88 dilutions were incubated with ϳ200 PFU of the virus for 10 min prior to and during a 2-h period of infection of GMK AH1 cells at 37°C. Results are expressed as the concentrations of PI-88 that reduced the number of viral plaques by 50% (IC 50 ). c PI-88 (100 g/ml) in an overlay methylcellulose medium was added to cells after they were infected with HSV-2 and was incubated with the cells throughout the development of viral plaques. Results are expressed as the percentages of the average areas of 20 viral plaques developed in the presence of PI-88 medium relative to that for mock-treated controls. The average areas (in mm 2 ) of 20 viral plaques developed in the absence (control) of PI-88 are shown in parentheses.
d Noncloned mixture of HSV-2 strain 333 plaques. Sporadic (2.7%) syncytial plaques were seen.
e HSV-2 strain 333 that was passaged 10 times in GMK AH1 cells. f Noncloned mixture of HSV-2 strain 333-10p. Approximately 11.3% of plaques had the syncytial phenotype.
g Recombinants prepared by molecular transfer of a specific gene fragment into strain 333. a ϩ, positive for syncytium formation; Ϫ, negative for syncytium formation. b Nucleotide and predicted amino acid alterations are denoted with lowercase and uppercase letters, respectively. Nucleotide numbering begins from the first nucleotide of the initiation codon. Amino acid numbering in gC, gE, gG, gK, and UL24 begins from the initiation methionine, while that in gD and gB begins from the first amino acid of the mature protein. The symbols OE and denote deletion and insertion, respectively, of a single nucleotide. neg., negative.
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on September 22, 2017 by guest http://jvi.asm.org/ spread (A2, A6), suggesting a lack of their contribution to the PI-88-resistant phenotype. To verify this assumption, a fragment of the gB gene of the AC2 variant which comprises these two mutations (Table 2 ) was transfected along with DNA of the 333 strain into GMK AH1 cells. The resulting recombinant (333ϩAC2gB) ( Table 1 ) appeared to be sensitive to PI-88 both in its initial infection of cells and in its cell-to-cell-spread activity. This indicates that the E662G and L792P amino acid substitutions in gB conferred no resistance of HSV-2 to PI-88. Instead, the 333ϩAC2gB recombinant virus formed syncytia in cultured cells (Table 1) . Because the E662G alteration occurs as the sole change in gB of a nonsyncytial variant, A4, the L792P amino acid substitution in the gB endodomain seems to be responsible for the syncytium-forming activity of AC2 and other variants containing this amino acid change. The remaining alterations in gB were either silent mutations or amino acid substitutions in the endodomain (R822Q) or ectodomain (N21K, N243T, A335W, Y353H, and A524T) of the protein.
The recombinant virus containing the N243T amino acid substitution present in the gB ectodomain of the AC3 variant (333ϩAC3gB) was prepared by the marker transfer technique (Table 1) . This virus produced little syncytia in cultured cells and appeared to be sensitive to PI-88 in its initial infection of cells and cell-to-cell-spread activity (Table 1 ). In conclusion, the most frequent alterations (E662G, L792P) and the N243T change found in the gB of PI-88-selected variants did not contribute to their drug-resistant phenotypes. In contrast to the numerous alterations detected in the gB gene, only sporadic mutations, which occurred in both PI-88-resistant and PI-88-sensitive variants (Table 2) , were found in the gC, gD, gE, gK, and UL24 genes. Interestingly, all HSV-2 variants resistant to the presence of the drug during the initial infection of the cells (variants AC1 to AC9 and A9) ( Table 1) carried one or two deletions and/or insertions of a single nucleotide in the gG gene (Table 2) . These frameshift mutations resulted in the premature termination codon and thus in the absence of expression of mature gG at the surfaces of the infected cells. This was confirmed by the immunostaining of viral plaques with the monoclonal anti-gG antibody O1C5 (data not shown). Moreover, the presence of the premature stop codon may theoretically lead to the secretion into the culture medium of proteins truncated at amino acid residues 304 (A9), 306 (AC3 and AC4), 562 (AC2), or 641 (AC1, AC6, AC8, and AC9). To verify whether the frameshift mutations in gG can contribute to the PI-88-resistant phenotype of HSV-2, recombinant viruses comprising the altered gG genes of the AC6 and AC9 variants (333ϩAC6gG and 333ϩAC9gG) were prepared by the marker transfer tech- nique (Table 1) . In contrast to the parent 333 strain, both recombinant viruses were substantially resistant to PI-88 in their initial infections of the cells. These results indicate that the lack of gG expression provides the virus with a selective advantage to infect cells in the presence of PI-88.
To investigate whether this finding could be extended to the sulfated polysaccharide heparin (a known inhibitor of HSV attachment to cells), all HSV-2 variants shown in Table 1 were compared for their sensitivity to PI-88 and heparin (Fig. 1) . In comparison to heparin, PI-88 is composed of shorter but more extensively sulfated oligosaccharide chains. All AC variants resistant to PI-88 in their initial infections of the cells (AC1-9; gG deficient) (Fig. 1A and Table 1 ) were also resistant to heparin (Fig. 1B) . In contrast, the PI-88-sensitive variant AC10 and the parental 333 strain (Fig. 1A and Table 1 ) were also sensitive to heparin (Fig. 1B) . Likewise, of all the A and C variants, only A9 (gG deficient) was resistant to PI-88 (Fig. 1C and Table 1 ) and to heparin (Fig. 1D) . We also tested the effects of PI-88 and heparin on the gG-deficient recombinant viruses (333ϩAC6gG and 333ϩAC9gG) and the gG-proficient 333 strain. Because noncloned preparations of HSV strains may contain very low levels of spontaneously generated variants deficient in expression of glycoproteins that are nonessential for replication in cultured cells (e.g., gC or gG), a plaquepurified 333 strain (333gG ϩ ) prepared based on its reactivity with the anti-gG O1C5 antibody was also included in this experiment. The gG-deficient recombinant viruses were substantially more resistant than the gG-proficient strains to both PI-88 ( Fig. 2A) and heparin (Fig. 2B) . These results indicate that HSV-2 gG is targeted by sulfated oligo-and polysaccharide inhibitors during the initial infection of cells by the virus.
We sought to determine how the lack of gG expression could confer resistance of HSV-2 to PI-88. To this end, we investigated the biological activities of mutant gG-deficient viruses and purified gG components of HSV-2. During preparation of the HSV-2 stock viruses, we noticed that infections of cultured cells with gG-deficient variants or recombinant viruses progressed more slowly than infections with the gG-proficient strain 333. In particular, upon infection of GMK AH1 cells at a relatively low multiplicity of infection (MOI) and in the absence of methylcellulose or human gamma globulin in the overlay medium, several clusters of cells infected with gGdeficient or gG-proficient viruses were visible at 24 h after infection ( Fig. 3A and B) . However, at 48 h after infection, the gG-proficient 333 strain caused generalized infection of the cells (Fig. 3D ), while infection with the gG-deficient virus progressed mainly via cell-to-cell spread, as deduced from the enlargement of the viral plaques (Fig. 3C) . We assumed that the gG-deficient virions were either inefficiently released from the infected cells or were weakly infectious, due to, for example, a defect in their attachment to cells. To clarify this issue, the cells were infected with the gG-deficient recombinants 333ϩAC6gG and 333ϩAC9gG and with strain 333(gG ϩ ) at relatively low (0.001) and high (1.0) MOIs (Fig. 4) . After infecting the cells at a low MOI, the gG-deficient viruses produced at least 100-times-less infectious virus in the extracellular medium than strain 333(gG ϩ ). However, at 72 h after infection, the amount of cell-associated gG-deficient virus was approximately 10 times lower than that of strain 333(gG ϩ ) (Fig. 4) . After infection of the cells at a MOI of 1, extensive CPE was already observed at 18 h after infection with all the viruses tested. In spite of this, there were approximately 100-times-fewer infectious extracellular gG-deficient mutants than strain 333(gG ϩ ) viruses (Fig. 4) . However, at 72 h after infection, the amount of cell-associated, gG-deficient virus was only approximately 2 to 3 times lower than that of strain 333 (Fig.  4) . These results indicate that the gG-deficient viruses are released inefficiently from infected cells; however, when forcibly liberated from cells (by freezing and thawing), these viruses can infect cells efficiently.
To identify the step in HSV-2 infection of cells that is affected by PI-88 and evaded by selection for the drug-resistant variants, purified radiolabeled virions of several gG-deficient viruses were tested for their binding to GMK AH1 cells in the presence of PI-88. For accurate comparison, prior to the experiments, all viruses specified in Fig. 5 were adjusted to contain the same number of relative VP5 units. Due to difficulties in preparing purified gG-deficient virions in sufficient quantities, their binding to cells was studied only in the presence of 100 g/ml of PI-88. The cell-binding activities of gG-deficient variant AC9 and recombinants 333ϩAC6gG and 333ϩAC9gG were more resistant to PI-88 than similar activities of the gGproficient 333 and 333(gG ϩ ) strains (Fig. 5A) . These results clearly indicate that the lack of gG expression provides the virus with a selective advantage to attach to cells in the presence of PI-88. Furthermore, we compared the cell-binding activities of several gG-deficient and gG-proficient viruses in the absence of PI-88. The gG-deficient variant AC9 and recombinants 333ϩAC6gG and 333ϩAC9gG demonstrated no impairment in their attachment to GMK AH1 cells compared to that of the gG-proficient strains (Fig. 5B) .
To determine whether gG of HSV-2 is capable of interacting with sulfated polysaccharides, purified protein suspended in a buffer containing 0.065 M NaCl was run through a column loaded with heparin covalently coupled to Sephadex G10 beads. Purified gG bound to heparin-Sephadex but not to uncoupled Sephadex beads (Fig. 6) . Approximately 0.4 M NaCl was necessary to trigger elution of gG from the heparin column. The two major gG bands eluted from the heparin column represent the high-mannose intermediate (ϳ60 kDa) and the fully O-glycosylated mature (ϳ120 kDa) gG.
The gG of HSV-2 was also tested for its cell-binding activity. For purposes of comparison, purified gB and gC, the known cell-binding components of HSV-2 (34, 36), were also included. Purified gG bound to both GMK AH1 (Fig. 7A) and HaCaT (Fig. 7C) cells, although its cell-binding activity was somewhat less than that of purified gB and gC. PI-88 reduced the binding of gG to cells by approximately 60%; however, the concentration of PI-88 required to inhibit gG binding by 50% was approximately 30 times lower than those estimated for gB and gC (Fig. 7B and D) . Altogether, our data obtained with purified gG indicate that this protein can bind to immobilized heparin and to surfaces of cultured cells and that PI-88 can inhibit the cell-binding activity of gG.
DISCUSSION
Based on the analysis of HSV-2 variants resistant to PI-88, we provided genetic evidence that gG of the HSV-2 envelope is targeted by sulfated oligo-and polysaccharide inhibitors of attachment of the virus to cells. This is a novel biological function of HSV-2 gG, as this glycoprotein has not so far been reported to promote or modulate the initial interaction of HSV-2 with cells. Furthermore, our data demonstrate that glycoprotein gG of HSV-2, although nonessential for virus replication in cultured cells, appeared to be important for the egress of HSV-2 virions from cells.
gG of HSV-2 is known to elicit an HSV-2-specific antibody response and has therefore been used as an antigen for HSV type-discriminating serology (13, 19) . The gG gene of HSV-2 codes for a 699-amino-acid-long precursor protein which is processed by proteolytic cleavage to generate a secreted amino-terminal fragment of gG (sgG) and a carboxy-terminal cell-and viral membrane-associated mature gG (mgG) (2, 23, 32, 33) . The sgG is secreted into the extracellular medium (32) and can be purified from culture medium based on its affinity for heparin (21) . The mgG is heavily O glycosylated, and the amino-terminal region occupied with clustered O-linked glycans constitutes more than half of the mgG amino acid sequence. Therefore, this region of mgG resembles a mucin-like structure. Interestingly, variants of HSV-1 resistant to PI-88 in their initial infection of cells all carried a large deletion of a mucin-like region at the amino-terminal part of the viral attachment protein gC (7) . This region of HSV-1 gC was reported to promote attachment of the virus to cells (34) . Because all HSV-2 variants resistant to PI-88 in their initial infection of cells were deficient in expression of a mucin-like protein mgG (this report), it is likely that sulfated oligosaccharide PI-88 specifically targeted the mucin-like structures on viral proteins. Recombinant gG-deficient HSV-2, prepared by molecular transfer of the altered gG gene into wild-type DNA, appeared to be resistant to PI-88, thus confirming that the absence of mgG expression provided HSV-2 virions with a selective advantage to infect the cells in the presence of this inhibitor. Furthermore, this observation was extended to the sulfated polysaccharide heparin, a known inhibitor of HSV attachment to cells. Our data showing that PI-88, an inhibitor of HSV attachment to cells (27) , invariably selected for the mgG-deficient variants of HSV-2 suggest that mgG either is directly involved in the attachment of HSV-2 to cells or plays a role in the modulation of this activity. The first possibility is less probable, since purified virions of mutant gG-deficient HSV-2 demonstrated no clear impairment in their attachment to GMK AH1 cells.
Mucin-like regions are known to occur in different proteins, including those that function as adhesion components. Wellknown examples of viral adhesion proteins that promote virus binding to cell surface HS and contain mucin-like structures are gC of HSV-1 (15) and gG of respiratory syncytial virus (RSV) (17) . The mucin-like segment(s) may extend these proteins to be the outermost structure of the virus particle, a feature of importance for initial virus-cell contact. Furthermore, the HS-binding domains in these proteins comprise clusters of basic amino acid residues (9, 22, 30, 35) which can be unspecifically targeted by proteolytic enzymes and other proteins. The mucins located at the periphery of the protein ectodomain may selectively shield the HS-binding sites so that possible nonspecific interactions are limited but inherent biological activity is retained. Finally, the mucin-like structures may modulate the adhesion function of these proteins. It is not known whether this modulation includes the initial binding of mucin to the HS chain or preservation of the specificity of the protein-HS interaction. A wide variety of sulfated oligo-and polysaccharides, polysulfonated noncarbohydrate compounds, and other polyanions are known to inhibit infection of cells by (Fig. 6 ). Because our preparation of mgG was derived from HSV-2 virions and the virus-infected cells, one cannot exclude the possibility that part of its binding activity was due to the presence of a noncleaved precursor protein composed of both mgG and sgG. Although sgG was not detected in preparations of mgG purified from infected cells based on its affinity to Helix pomatia lectin, this form of gG has an overall net positive charge and its heparin binding activity has been demonstrated (21) . More importantly, we also observed that purified mgG bound to cultured cells, and the reduction of this activity by PI-88 suggested that mgG could interact with negatively charged molecules at the cell surface. PI-88 affected the cell-binding activity of purified mgG, gB, and gC in different ways. Although this activity of mgG was more sensitive to PI-88 than that of gB or gC, a fraction of purified mgG bound to HaCaT cells in a PI-88-resistant manner. Further studies are needed to determine whether this fraction is identical with the high-mannose intermediate or fully processed mgG. Finally, glycoprotein gG of HSV-2 seems to be a multifunctional component of the viral envelope which, in addition to serving as a target for sulfated oligo-and polysaccharides, promotes the egress of infectious virus particles from cells.
The presence of the mucin-like region in different glycoproteins of HSV-1 and HSV-2 is an example of the progressing structural and functional divergence of these viruses. HSV-2 gC, in contrast to its HSV-1 counterpart, does not contain a typical mucin-like domain and is not regarded as the virus attachment protein (11) . Conversely, HSV-2 gG, unlike HSV-1 gG, possesses mucin-like structures and is targeted by inhibitors of virus attachment to cells.
The frameshift mutations in the gG gene, which as discussed above conferred virus resistance to PI-88 during the initial infection of cells, did not seem to contribute to the PI-88-resistant cell-to-cell spread of HSV-2, since this activity in some of the gG-deficient variants of the virus was sensitive to PI-88. These data suggest that different components of HSV-2 can be targeted by PI-88 during the initial infection of cells and the cell-to-cell spread of the virus. Although the same viral proteins that support HSV infection of the cell via the apical surface are thought to promote the cell-to-cell spread of the virus, the latter activity may not require gG, because the gGdeficient variants of HSV-2 exhibited efficient lateral spread in cultured cells (Fig. 3C) . gE of HSV-1 is known to promote the cell-to-cell-spread activity by sorting nascent virions to cell junctions (16) . However, the only amino acid substitution (G419R) detected in gE of PI-88-selected HSV-2 occurred in a variant that was sensitive to PI-88 in its cell-to-cell-spread activity. It is likely that specific mutations in several viral genes, including gB and/or gD, may in part contribute to the PI-88-resistant cell-to-cell-spread activity of HSV-2. However, knowing that all HSV-2 variants resistant to PI-88 in their initial infection of cells were altered in gG, one cannot exclude that an alteration(s) in the sole HSV-2 gene not sequenced in the present study may confer the drug-resistant phenotype in the cell-to-cell spread of HSV-2.
The majority of the PI-88-selected variants of HSV-2 exhibited syncytium-forming activity in cultured cells, and our results suggest that the L792P change was responsible for this phenotype, at least in several variants. Variants of HSV-1 resistant to heparin (12, 29) or carrageenan (4) produced syncytia in cultured cells due to mutations in gK (29) or the gB endodomain (12) or were predicted to contain an alteration(s) in gB (4) . However, in line with our results obtained with PI-88-selected variants of HSV-2, the syncytium-inducing mutations in gB were not found to contribute to HSV-1 resistance to heparin (12) or carrageenan (4) . The problem of frequent selection of syncytium-inducing mutants of HSV by sulfated polysaccharides and an unexpected lack of contribution of this phenotype to the drug resistance of the virus are difficult to explain. It is likely that the resistance of the virus to sulfated polysaccharides is coupled with its functional impairment and that the syncytium-inducing mutations may compensate for these alterations by enhancing lateral spread of HSV in cultured cells.
In conclusion, based on an analysis of PI-88-resistant variants of HSV-2, we report that glycoprotein mgG is the major target for sulfated oligo-and polysaccharide inhibitors of the attachment of HSV to cells. It is likely that this glycoprotein can facilitate the initial interaction of HSV-2 with cells and the egress of viral particles.
